Introduction
Although it afflicts an estimated 26.6 million people worldwide-a figure that is expected to quadruple by 2050-Alzheimer's disease (AD) has yet to be fully understood etiologically, diagnostically, or therapeutically [1] . For decades, the most widely accepted definite diagnosis of AD has been the histological observation of senile plaques composed of amyloid-β (Aβ) and neurofibrillary tangles comprising tau [2] [3] [4] . Theories abound as to the mechanisms behind these deposits of Aβ and tau, one of the most prominent of which is the "amyloid hypothesis." This hypothesis proposes that the cleavage of amyloid precursor protein by β-secretase and γ-secretase causes Aβ42 to accumulate as senile plaques, which results in synaptic and neuronal injury [5] .
The credence afforded to the amyloid hypothesis has spurred the development of a number of tracers intended to reflect the burden of amyloid plaques in AD patients in vivo and non-invasively with positron emission tomography (PET). The earliest amyloid imaging agents, including [ 11 
C] PiB and [
18 F]FDDNP, were designed and tested in the earlyto-mid part of the last decade, and have been limited to research studies. However, the advent of three new radiotracers, which are currently at various stages of FDA assessment and approval, has brought amyloid imaging to the doorstep of clinical use. Recent clinical studies on florbetapir (AV-45), florbetaben (BAY-94), and flutemetamol (GE-067) claim to have demonstrated an ability to discriminate between AD patients and healthy controls with high degrees of sensitivity and specificity [6] [7] [8] [9] [10] [11] . However, the theoretical bases of and ubiquitous patterns in the reported data raise a host of lingering questions that should be addressed before these radiotracers are clinically approved.
Anomalies in the distribution of amyloid radiotracers
One of the more troubling aspects of amyloid imaging is the striking discrepancy in the distribution of Aβ deposits in the brain between PET images produced with amyloid tracers and histopathological and immunohistochemical studies, which should be-and have been-held up as the reference standard. A phase III study of florbetapir by Clark et al. reported significant correlations between quantitative and semiquantitative measures of overall amyloid burden through imaging and histopathology, but the regional localizations of these amyloid deposits do not seem to agree with pre-existing pathological data [5] . Imaging studies conducted with florbetapir, as well as virtually any other amyloid radiotracer, consistently show the frontal lobe to have one of-if not the-highest standardized uptake values (SUVs) [6, 8, 9, [11] [12] [13] [14] . This implies a preponderant amyloid burden in the frontal lobe, which is not in line with the findings of in vitro studies.
By contrast, a comprehensive histopathological survey of the cortices found the highest density of neuritic plaques in the temporal and occipital lobes, an intermediate accumulation in the parietal lobe, and the lowest concentration in the limbic and frontal lobes [15] (Fig. 1) . A similar pathological study of 2,661 autopsy cases found that amyloid plaques are concentrated in the temporal gray matter and the perirhinal and ectorhinal fields in early AD, and do not spread to the frontal lobe until later stages of the disease [16] . A study of cerebral degeneration, which is considered by the amyloid hypothesis to be a direct consequence of Aβ deposition, pinpointed the medial temporal cortex as the epicenter of neuronal deterioration, with damage radiating first and foremost to the parietal and occipital areas. In this cascade of neurodegeneration, the frontal lobe is shown to occupy only an intermediate position [17] .
This point has been well illustrated in scans conducted using other imaging modalities, as well as PET with nonamyloid tracers. Magnetic resonance imaging (MRI) scans of AD patients reveal the greatest degree of atrophy in the temporal and parietal lobes, with frontal lobe damage delayed until the late stages of the disease [18] [19] [20] . Likewise, functional MRI studies have shown that the most pronounced differences in blood flow between AD patients and controls occur in the temporal and parietal lobes [21] . Even PET, when measuring the glucose metabolism of the brain with [ 18 F]FDG rather than its amyloid burden, exhibits a similar pattern of hypometabolism in the parietotemporal region, where over 50% of metabolic reductions occur [22] [23] [24] . With this compelling and diverse set of evidence in mind, the preferential uptake in the frontal lobes that is invariably exhibited by amyloid imaging agents raises questions about the specificity of these radiotracers. These issues are further underscored as the phase III florbetapir study showed that the frontal lobe has one of the lowest correlations between measures of amyloid burden through in vivo imaging and at autopsy through histopathology [7] .
The findings in the frontal lobe seem to suggest non-specific binding by the amyloid agents, but there may be an alternative explanation: the distribution of cerebral amyloid angiopathy (CAA), a condition involving an accumulation of Aβ in the vasculature of the brain, is distinct from that of AD. CAA is most frequently associated with the arteries of the frontal and occipital lobes [25, 26] . It is also far more common in AD patients, with reported comorbidity rates between 82% and 87%, than in non-AD individuals, in whom incidence rates between 26% and 30% have reported [27] [28] [29] . Thus, the prevalence of CAA in AD patients could account not only for the observation that uptake of amyloid agents in the frontal lobes is unexpectedly one of the highest, but also that the difference in uptake between AD patients and controls is most pronounced in the frontal lobe [9] .
However, CAA cannot explain another anomaly in amyloid imaging: the substantial uptake of radiotracers in the white matter of the brain, which is believed to be nearly devoid of Aβ plaques. PET images produced with amyloid agents consistently show higher ratios of white matter to gray matter uptake than immunohistochemical tests [30] . This pattern of white matter uptake of amyloid radiotracers has been largely described as a product of non-specific binding, but has also been speculated to be an artifact of a slower clearance rate due to lower blood flow in the white matter than in the gray matter [30, 31] . The proposed dependence of tracer concentration on blood flow is supported by the observed relationship between cerebral blood flow and influx of [ 11 C]PiB into the brain [32] . Furthermore, it has been postulated that high radiotracer uptake in the gray matter of AD patients may spill over into the white matter, thereby artificially inflating SUVs [30] . This may not be able to explain the inordinately high uptake in the white matter of control subjects, and in fact raises the possibility of uptake in the white matter of controls spilling over into the gray matter (Fig. 2 ). This appears exceedingly likely considering the susceptibility of structures as small as amyloid plaques to the partial-volume effect, which is seen in most imaging modalities, including PET [33] .
Difficulties in visualizing amyloid plaques
The relatively poor spatial resolution of PET is associated with the phenomenon of the partial-volume effect, which results in the underestimation of a structure's SUV. This effect is especially severe for structures that are less than 2.5 times the spatial resolution of the PET system, as measured by the full-width at half-maximum [35] . Since amyloid plaques are, on average, approximately 50 µm in diameter and the spatial resolution of PET is normally in the range of 2 to 3 mm for high-resolution systems and 5 to 7 mm for standard scans, the partial-volume effect should theoretically be factored heavily into amyloid imaging and should not be overlooked [36, 37] . And yet Wong et al. explicitly state that in a phase I clinical study of florbetapir partial-volume correction was not undertaken in the analysis of data [6] . The reports of other studies on amyloid radiotracers make no mention of partial-volume correction, suggesting that this highly significant effect was also neglected in these studies. The result of this would be a prevalence of underestimated SUV data in the literature.
Perhaps the most fundamental question about amyloid imaging concerns the ability of PET to visualize Aβ deposits. In area 9 of the frontal cortex-a region demonstrating remarkably high uptake of amyloid radiotracers-the percentage of total area occupied by amyloid plaques was shown by one histopathological study to be approximately 7.11% in AD patients [38] . Similarly, the histopathological component of the phase III florbetapir study found that the average amyloid burden in the precuneus, another region of high uptake, was 5.24% in nine patients for whom AD was named as the cause of death [7] . If it is assumed that amyloid burden in end-stage AD constitutes roughly 6% (in terms of area fraction) of the most severely affected cortical regions, and that the contrast between plaque and background must be at least twofold in order to visualize these structures with PET, the differential uptake of these amyloid tracers must be at least 100 times greater in amyloid plaques than in the background (Appendix; Fig. 3 ). This estimate would be considerably higher in regions with less amyloid burden, as well as in patients with less advanced AD, in whom amyloid imaging would presumably be most diagnostically valuable. For example, in patients with mild cognitive impairment (MCI)/ prodromal AD, in whom the amyloid burden would be closer to 0.1% of the area involved (equivalent to 0.03% of the total volume involved), the differential affinity for amyloid would have to be at least 6,000 times that of the background. This is a tall order for any radiotracer, but seems especially unlikely for amyloid imaging agents considering the extent of their non-specific uptake in the white matter, as well as other regions in the gray matter.
Binding properties of amyloid plaques
The conspicuous discrepancies between in vivo imaging and in vitro testing in the white matter and frontal lobe may be partly attributable to the inherent difficulties of targeting fibrillar amyloid plaques, which are not as well-defined as the soluble forms of the protein. Studies have shown that Fig. 2 Uptake in the white matter of the brain spilling over into the gray matter, and vice versa, using typical uptake profiles for PET imaging [34] . The black circles represent increasing proportions of cortical area occupied by Aβ, while the blue lines signify the uptake profiles at these respective amyloid burdens. The red line illustrates the substantial radiotracer uptake observed in the white matter, which will unavoidably overwhelm the signal from the gray matter at mild to moderate amyloid burdens despite their ability to bind to Aβ in fibrillar plaques and cerebral arteries, amyloid radiotracers such as [ 11 C]PiB have a low affinity for amorphous plaques in the cortices [39] . The possibility that Aβ precipitates differently according to the region of the brain and the stage of the disease introduces the problem of disparate surface structures. This would pose a major challenge to the specificity of amyloid imaging agents, and should therefore be ruled out by performing in vivo dose-binding studies.
Autoradiographical binding studies have been performed on amyloid radiotracers to establish their specificity, but certain methodological oversights necessitate further in vivo testing to validate their conclusions [40] . A key contributor to the uncertainty surrounding binding specificity is the fact that while the development of imaging agents such as [ 11 C]PiB accounted for the microdoses that would ultimately reach the targeted proteins in vivo, binding studies were performed ex vivo in a medium that had an excess of the radiotracer [31, 40, 42] . This difference in dosage serves as a confounding variable that hinders the conclusiveness of the binding studies that have been performed thus far.
Theoretical basis of amyloid imaging
In addition to these practical concerns regarding amyloid radiotracers, there is the broader issue of the theoretical underpinnings of amyloid imaging. The ability of this technique to diagnose early AD rests upon the assumption that Aβ plays an etiological role in the progression of the disease, for the density of a non-etiological biomarker would not necessarily be correlated with cognitive decline. This is precisely what was found by Bennett et al. in the frontal cortex of AD patients, where amyloid plaque burden did not reflect dementia severity [43] . This raises the point that while the correlation between Aβ and AD is well Fig. 3 The relationship between the contrast (C) in a PET image and the differential uptake ratio (D) of radiotracer uptake in targeted β-amyloid plaques to the background is represented linearly at three distinct stages of disease progression, where C=f v (D−1) (see Appendix for details). Patients with MCI, early AD, and late AD are assumed to have roughly 0.1%, 1%, and 6% of total cortical area (i.e., area fractions f a ) occupied by β-amyloid, respectively, and corresponding volume fractions (f v ) of roughly 0.03%, 0.33%, and 2.0%, respectively Fig. 4 A scatterplot of mean cortical SUV ratios in individuals with probable AD (PAD) and mild cognitive impairment (MCI), as well as older healthy controls (OHC) [8] . Noteworthy false-negative and false-positive rates can be seen in AD patients and controls, respectively (reproduced with permission from Archives of Neurology, [8]) established, the claim of causation is still a matter of debate and has recently been challenged by developments in the clinical trials of antiamyloid pharmaceuticals.
Drugs and vaccines that reached the latter stages of FDA testing, such as tramiprosate, tarenflurbil, bapineuzumab, semagacestat, and AN-1792, often proved exceptionally effective at reducing Aβ burden in the brain, but ultimately failed to demonstrate a significant slowdown in cognitive decline when compared to controls [44] [45] [46] [47] [48] [49] [50] [51] [52] . Furthermore, the literature reveals that 10-20% of patients with clinically diagnosed AD do not have amyloid pathology at autopsy, and that 15-20% of Aβ-positive PET scans are seen in subjects with no cognitive deficits. This is consistent with reports that significant Aβ deposits can be found in the brain of cognitively normal elderly individuals at autopsy [42] . A possible implication of these findings is that Aβ is not the direct cause of the synaptic and neuronal injury that triggers AD, but is rather part of a larger cascade that dictates the disease process.
Viewing Aβ in this light could explain the noteworthy rates of false-positive and false-negative PET scans using amyloid tracers [53, 54] . Amyloid imaging with [ 11 C]PiB has revealed that over one-fifth of cognitively unimpaired individuals over the age of 65 years demonstrate uptake above a predetermined threshold for AD in at least one region of interest [55] . On the other hand, case studies in the literature reveal that subjects with declining cognitive function, positive tests for AD biomarkers in the cerebrospinal fluid, and positive pathological tests at autopsy can still demonstrate [ 11 C]PiB binding below detectable levels [39] . This was reflected in a recent study using florbetapir, which showed significant overlap between scans of patients with probable AD, patients with MCI, and older healthy controls (Fig. 4) [8] . These observations severely limit the utility of this PET imaging approach for accurately diagnosing the presence or absence of MCI, let alone early AD.
Conclusion
Based on the extent of amyloid deposition in cognitively normal individuals and the inexplicably high degree of activity detected in the frontal lobe and white matter, it would appear that the claims made about the high degrees of sensitivity and specificity of amyloid imaging agents in detecting AD are not justifiable. When the pathologically established distribution of Aβ is taken into account, the probability of extensive nonspecific uptake by biological processes appears inescapably high. It is of paramount importance that such fundamental theoretical and practical concerns be thoroughly investigated and properly addressed before amyloid tracers enter the market en masse and expand the applications of amyloid imaging to the clinical field.
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Appendix: Converting area fractions to volume fractions, and calculating the contrast produced by various differential uptake ratios and amyloid burdens
The findings of the cited histopathological and immunohistochemical studies with data on the amyloid burden of AD patients are expressed as ratios of two-dimensional (2D) cross-sectional areas (f a ). However, since the voxels that comprise a PET image are three-dimensional cubes, these values have to be recalculated for three-dimensional volumes (f v ). Assuming that (1) the plaques are spherical with radius R, (2) the plaques are either completely or not at all within the 2D slice of thickness T and area of interest A, and (3) that he 2D measurement accurately represents the widest cross section of the (spherical) plaque, the problem reduces to finding the number of plaques in the slice:
Þ. The volume fraction is then
Þf a , which is dimensionless, just like f a . In this calculation, we take the average radius of the sphere to be 25 µm [36] . Now assume that a voxel with no amyloid activity (i.e., background only) has unit concentration. Then a voxel on PET imaging containing amyloid activity can be segmented into the volume fraction for amyloid plaque (f v ), which has differential uptake ratio D, and the volume fraction without plaque (1−f v ), which has unit background activity. The total activity concentration (i.e., signal) for this voxel is f v D+ (1−f v ). Therefore, the contrast C is given by (signal− background)/background=f v (D−1).
